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majority of differentiated thyroid cancers show intracellular NIS expression, suggesting abnormal targeting to the plasma membrane. Therefore, a thorough understanding of the mechanisms that regulate NIS plasma membrane transport would have multiple implications for radioiodide therapy. In this study, we show that the intracellularly facing carboxy-terminus of NIS is required for the transport of the protein to the plasma membrane. Moreover, the carboxy-terminus contains dominant basolateral information. Using internal deletions and site-directed mutagenesis at the carboxy-terminus, we identified a highly conserved monoleucine-based sorting motif that determines NIS basolateral expression. Furthermore, in clathrin adaptor protein (AP)-1B-deficient cells, NIS sorting to the basolateral plasma membrane is compromised, causing the protein to also be expressed at the apical plasma membrane. Computer simulations suggest that the AP-1B subunit s1 recognizes the monoleucine-based sorting motif in NIS carboxy-terminus. Although the mechanisms by which NIS is intracellularly retained in thyroid cancer remain elusive, our findings may open up avenues for identifying molecular targets that can be used to treat radioiodide-refractory thyroid tumors that express NIS intracellularly. NIS-mediated active I 2 transport is electrogenic and uses as its driving force the Na + gradient generated by the Na + /K + ATPase to simultaneously transport one I 2 and two Na + into the cells (2) . The experimentally tested NIS secondary structure model predicts a hydrophobic 13-transmembrane segment glycoprotein with an extracellularly facing amino-terminus and a large intracellularly facing carboxy-terminus (3) . NIS is N-glycosylated at three asparagine residues: N225 (third extracellular loop) and N489 and N502 (sixth extracellular loop) (3, 4) . Underscoring the significance of NIS for thyroid physiology, naturally occurring loss-of-function variants of the SLC5A5 gene, which encodes NIS, a 643-amino acid protein, cause dyshormonogenic congenital hypothyroidism due to impaired I 2 accumulation in thyroid follicular cells (5) . The ability of thyroid cells to accumulate I 2 constitutes the molecular basis for diagnosis and treatment of differentiated thyroid cancer (6) . Retrospective studies demonstrated that radioiodide accumulation in tumor cells is the best indicator of disease-free survival (7) (8) (9) . However, differentiated thyroid tumors often exhibit reduced (or even undetectable) I 2 transport compared with normal thyroid tissue and are diagnosed as cold nodules on thyroid scintigraphy. Complete loss of I 2 accumulation-causing thyroid tumors to become refractory to radioiodide therapy-is associated with poor prognosis; patients with thyroid cancer metastases that accumulate I 2 show a survival rate at 10 years of ;56%, whereas the survival is drastically reduced to ;10% in patients with radioiodide refractory metastases (8) .
Paradoxically, immunohistochemical analysis showed that most cold thyroid nodules express lower, normal, and even higher NIS levels compared with adjacent normal tissue, but NIS is mainly located in intracellular compartments, indicating that it is not properly targeted to the plasma membrane (10) (11) (12) (13) (14) (15) (16) . Significantly, loss-offunction NIS variants have not been identified either in benign cold thyroid nodules or in thyroid cancer (13, 17) , demonstrating that the intracellular retention of NIS is not caused by structural defects. Therefore, considering that radioiodide therapy efficiency is ultimately dependent on functional NIS plasma membrane expression in tumor cells (18) , understanding the mechanisms that regulate NIS targeting to the cell surface has important implications for thyroid cancer treatment. Despite their clinical relevance, little is known about the molecular mechanisms underlying NIS plasma membrane expression. The elucidation of these mechanisms could lead to therapeutic interventions to increase radioiodide therapy efficiency. Recently, Darrouzet et al. (19) reported a systematic evaluation of potential NIS intracellularly located short linear motifs presumably involved in the transport of the protein to the plasma membrane. These authors identified an internal noncanonical PDZ-binding motif comprising residues 118 to 121, located in the intracellular loop 2, which plays a crucial role in NIS plasma membrane expression, as its disruption by the substitution L121A leads to complete retention of the NIS mutant in the endoplasmic reticulum. Significantly, although also located in intracellular loop 2, but not within the mentioned noncanonical PDZ-binding motif, R124-an extensively characterized residue after the identification of R124H NIS in patients with impaired I 2 accumulation in the thyroid tissue-is critical for the local folding required for NIS sorting through the endoplasmic reticulum quality-control system (20) . Moreover, functional characterization of the dyshormonogenic congenital hypothyroidism-causing loss-of-function NIS variant S509Rfs*6, reported in the literature as S515X NIS, revealed that the segment between positions S509 and L643, which includes transmembrane segment 13 and the carboxy-terminus, contains crucial information for NIS plasma membrane expression (21) .
In this study, we investigated the role of the carboxyterminus in NIS transport to the plasma membrane in nonpolarized and polarized epithelial cells. Our results indicate that the segment between I546 and K618 contains determinants required for NIS exit from the endoplasmic reticulum and its subsequent transport to the plasma membrane in nonpolarized epithelial cells. Moreover, our findings show that the segment between E578 and L583 constitutes a conserved monoleucine-based sorting motif essential for NIS transport to the basolateral plasma membrane in polarized epithelial cells. Further, the epithelial-specific clathrin adaptor protein (AP)-1B is required for NIS sorting exclusively to the basolateral surface.
Materials and Methods

Expression vectors and site-directed mutagenesis
Amino-terminus hemagglutinin (HA)-tagged human and rat NIS cDNAs cloned in the expression vector pcDNA3.1 minus were as described (22) . Carboxy-terminus NIS deletion mutants E578_K618del and G634_Q639del NIS (19) were subcloned into the expression vector pcDNA3.1 minus. Large deletion mutants were generated by inverse PCR with two inverted tailto-tail primers to amplify the entire plasmid except for the region to be deleted using KOD Hot Start DNA polymerase (EMD Millipore, Temecula, CA). Point mutations were generated by site-directed mutagenesis with oligonucleotides carrying the desired mutation using KOD Hot Start DNA polymerase (EMD Millipore) (23) . All constructs were sequenced to verify specific nucleotide substitutions (Macrogen, Seoul, South Korea). (25, 26) . Cell lines were transiently transfected at the ratio of 4 mg plasmid/10-cm dish using Lipofectamine 2000 (Thermo Fisher Scientific) (27) . Stable polyclonal cell populations expressing wild-type (WT) and mutant NIS proteins were selected and propagated in media containing 1 g/L G418 (Sigma-Aldrich). For polarized culture, stably transfected cells were plated on 12-mm Transwell polyester 0.4-mm pore size filter units (Corning, Corning, NY) at a density of 250,000 cells/insert and cultured for 7 to 9 (MDCK) or 4 to 5 (FRT) days to differentiate into fully polarized epithelial monolayers with differential apical and basolateral plasma membrane domains (28 
Flow cytometry
Cells were fixed in 2% paraformaldehyde and stained with 0.5 mg/mL rabbit monoclonal anti-HA-Tag (catalog number 3724; RRID: AB_1549585; Cell Signaling Technology, Beverly, MA) (31) antibody in PBS containing 0.2% human serum albumin (32) . For analysis under permeabilized conditions, an additional 0.2% saponin was added. After washing, cells were incubated with 1 mg/mL Alexa 488-conjugated anti-rabbit antibody (catalog number A-11008; RRID: AB_143165; Molecular Probes, Eugene, OR) (33). The fluorescence of ;5 3 10 4 events/tube was assayed in a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA). Data analysis was performed with FlowJo software (Tree Star, Ashland, OR). The relative plasma membrane expression of WT or mutant NIS was calculated as the ratio (plotted as percentage) of the median fluorescence intensity of the protein expression assessed under nonpermeabilized (plasma membrane) and permeabilized (total) conditions.
Immunofluorescence
Cells seeded onto glass coverslips were fixed in 2% paraformaldehyde and stained with 1 mg/mL rabbit monoclonal anti-HA-Tag (catalog number 3724; RRID: AB_1549585; Cell Signaling Technology) (31), 0.2 mg/mL rat monoclonal anti-HA (catalog number 3F10; RRID: AB_2314622; Roche) (34), 0.5 mg/mL rabbit monoclonal anti-E-cadherin (catalog number 3195, RRID: AB_2291471; Cell Signaling Technology) (35), 0.5 mg/mL rabbit monoclonal anti-b-catenin (catalog number 9582; RRID: AB_823447; Cell Signaling Technology) (36), or 2 mg/mL mouse monoclonal anti-SEKDEL epitope (catalog number sc-58774; RRID: AB_784161; Santa Cruz Biotechnology) (37) antibodies in PBS containing 0.2% human serum albumin and 0.1% Triton X-100 (38) . Secondary staining was performed with 2 mg/mL anti-rabbit or rat Alexa 488-conjugated and anti-mouse Alexa 598-conjugated antibodies (catalog number A-11008, RRID: AB_143165; catalog number A-11006, RRID: AB_141373; and catalog number A-11032, RRID: AB_141672; Molecular Probes) (33, 39, 40). Nuclear DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Molecular Probes). Coverslips were mounted with FluorSave Reagent (EMD Millipore), and images were acquired on an Olympus FluoView 1000 confocal microscope (Olympus America, Center Valley, PA). Percentage distribution of NIS mutants at the apical and basolateral plasma membrane was quantified in a minimum of three representative orthographic projections using ImageJ software (National Institutes of Health, Bethesda, MD), as previously reported (41) Deglycosylation assays and immunoblotting Whole-cell lysates were deglycosylated with endo-b-acetylglucosaminidase H (Endo H; New England Biolabs, Ipswich, MA) in 50 mM sodium citrate (pH 5.5) (42). SDS-PAGE, electrotransference to nitrocellulose membranes, and immunoblotting were performed as previously described (43) . Membranes were blocked and incubated with 0.25 mg/mL affinity-purified rabbit polyclonal anti-human NIS antibody (44) . After washing, membranes were further incubated with 0.07 mg/mL goat anti-rabbit IRDye 680RD secondary antibody (catalog number 926-68071; RRID: AB_10956166; LI-COR Biosciences, Lincoln, NE) (45). Membranes were visualized and quantified by the Odyssey IR Imaging System (LI-COR Biosciences).
Structural modeling and bioinformatic analyses
Short linear motifs were predicted using the Eukaryotic Linear Motif resource (http://elm.eu.org). The NIS homology model used was based on the crystal structure of the Vibrio parahaemolyticus sodium/galactose cotransporter (46) . Monoleucine-based sorting motif NIS-containing nonapeptide P576 to D584 complexed with the AP-1 s1-subunit (Protein Data Bank identification 4P6Z) (47) was modeled using MODELER software (48) . Molecular dynamics simulations were performed with the Amber molecular dynamics package and force field in explicit water as reported (49) . The interaction of NIS peptides complexed with the AP-1 s1-subunit was simulated for 20 ns without restraints. Trajectory data analyses were performed with the CPPTRAJ program of the AmberTools package (50) . Molecular mechanicsgeneralized Born/surface area calculations were performed to estimate binding energy using data derived from molecular dynamics trajectories with the MMPBSA.py script of the AmberTools package (51). Images were prepared using Visual Molecular Dynamics software (University of Illinois at UrbanaChampaign, Champaign, IL).
Statistical analysis
Results are presented as the mean 6 SEM of three independent experiments. Statistical tests were performed using Prism 3.0 software (GraphPad Software, La Jolla, CA). Multiple-group analysis was conducted by one-way ANOVA and Newman-Keuls multiple-comparisons post hoc test. Comparisons between two groups were made using paired Student t test. Differences were considered significant at P , 0.05.
Results
The NIS carboxy-terminus contains structural determinants required for plasma membrane expression
Based on our homology model (46) , the intracellularly facing NIS carboxy-terminus comprises residues I546 to L643 (Fig. 1A) . Thereafter, to ascertain the role of the carboxy-terminus in NIS transport to the plasma membrane, we generated a human NIS deletion mutant missing the entire carboxy-terminus (I546* NIS) and investigated its expression and function in stably transfected nonpolarized MDCK cells, which do not express NIS endogenously (52) . Significantly, I546* NIS-expressing cells exhibited undetectable I 2 transport in contrast to those expressing full-length WT human NIS (Fig. 1B) .
Competitive inhibition with perchlorate confirmed that I 2 transport was mediated by NIS (Fig. 1B) .
Flow cytometry analysis using an anti-HA antibody directed against an engineered HA-Tag at the extracellular amino terminus of human NIS, in nonpermeabilized cells, showed that the levels of I546* NIS at the plasma membrane were markedly lower than those of WT NIS (Fig. 1C, top panel, and 1D ). By contrast, flow cytometry analysis under permeabilized conditions showed similar expression levels for both proteins (Fig. 1C, bottom panel) . Additionally, immunofluorescence staining performed under nonpermeabilized conditions to ascertain NIS expression at the plasma membrane only showed immunoreactivity in cells expressing WT NIS (Fig. 1E , top panel), indicating that https://academic.oup.com/endo 159 most I546* NIS was intracellularly located, whereas WT NIS was expressed mostly at the plasma membrane. Moreover, colocalization experiments with the endogenous endoplasmic reticulum marker retention signal KDEL revealed that I546* NIS was retained in the endoplasmic reticulum (Fig. 1E, bottom panel) . In a complementary manner, we validated our observations in the highly differentiated nonpolarized rat thyroid cell line FRTL-5 transiently transfected to express WT or I546* NIS. Immunofluorescence analysis under nonpermeabilized and permeabilized conditions showed that I546* NIS is mostly retained in the endoplasmic reticulum (Fig. 1F) . Hence, the carboxy-terminus may anchor NIS-interacting proteins required for NIS transport to the plasma membrane.
The segment between amino acids 546 and 618 is required for NIS exit from the endoplasmic reticulum Given the role of the carboxy-terminus in NIS transport to the plasma membrane, we generated several NIS mutants missing regions of the carboxy-terminus (I546_E578del, E578_K618del, K618_G634del, and G634_Q639del NIS) to determine the segments of the carboxy-terminus required for the transport of the protein to the cell surface ( Fig. 2A) .
Perchlorate-sensitive I 2 transport was undetectable in nonpolarized MDCK cells permanently expressing I546_E578del or E578_K618del NIS in contrast to those expressing WT NIS (Fig. 2B) , whereas cells stably expressing the NIS mutants K618_G634del or G634_ Q639del accumulated I 2 (Fig. 2B) . Moreover, flow cytometry analysis under nonpermeabilized and permeabilized conditions revealed that I546_E578del and E578_K618del NIS are properly expressed but barely detectable at the plasma membrane (Fig. 2C) . Consistently with mutant NIS-mediated I 2 transport, K618_
G634del and G634_Q639del NIS were expressed at the plasma membrane (Fig. 2C) . Further, immunofluorescence analysis under nonpermeabilized conditions did not show immunoreactivity in cells expressing I546_ E578del and E578_K618del NIS (data not shown), indicating that the mutants were intracellularly retained, whereas K618_G634del and G634_Q639del NIS were expressed at the plasma membrane (Fig. 2D, top panel) . Colocalization experiments with the endogenous endomembrane compartment marker KDEL revealed that the NIS mutants I546_E578del and E578_K618del are retained in the endoplasmic reticulum (Fig. 2D , bottom panel). Complementarily, similar results were obtained in transiently transfected FRTL-5 thyroid cells (Fig. 2E) . Hence, the carboxy-terminus segment between residues I546 and K618 is required for NIS exit from the endoplasmic reticulum and subsequent transport to the plasma membrane. Significantly, in silico analysis did not reveal putative short linear sequences involved in the export of plasma membrane proteins from the endoplasmic reticulum in the I546 to K618 segment (53) . However, we found a putative di-acidic endoplasmic reticulum export motif (E619 to E621) in the distal carboxy-terminus dispensable for the exit of the protein from the endoplasmic reticulum (54) . Therefore, short linear endoplasmic reticulum-export motifs underlying NIS export from the endoplasmic reticulum remain unknown.
Amino acids 618 to 634 are dispensable for NIS transport to the basolateral plasma membrane
As previously mentioned, NIS expression in thyroid follicular cells is restricted to the basolateral plasma membrane, as I 2 required for thyroid hormone biosynthesis is accumulated from the bloodstream into thyroid cells. Therefore, we hypothesized that NIS carboxy-terminus might contain dominant basolateral sorting signals recognized by thyrocytes sorting machinery. As highly differentiated polarized thyroid epithelial cell lines are not available, MDCK cells, a well-established model epithelial cell line for studying mechanisms of polarized sorting of plasma membrane proteins (28) , have been widely used to study the polarity of thyroid proteins. Indeed, polarized MDCK cell monolayers recapitulate the polarized expression of various proteins in thyrocytes, including the basolateral expression of NIS and the apical expression of thyroid peroxidase and sodium-dependent monocarboxylate transport (52, 55) . Significantly, polarized MDCK cell monolayers were crucial to uncover that the environmental pollutant perchlorate is actively accumulated by NIS (56) . Hence, to assess the role of NIS carboxy-terminus in polarized transport to the basolateral plasma membrane, we grew monolayers of MDCK cells stably expressing the NIS mutants K618_G634del and G634_Q639del onto permeable supports to allow full polarization. We visualized the localization of NIS mutants by confocal microscopy, using E-cadherin as an endogenous basolateral marker. As previously reported (52), WT NIS is mostly expressed in the basolateral plasma membrane (basolateral expression: 95 6 5%; apical expression: 5 6 4%) (Fig. 3A) . Because the NIS mutants K618_G634del and G634_Q639del were also mostly basolaterally expressed (Fig. 3A) , we conclude that the distal carboxyterminus (K618 to Q639) is dispensable for NIS basolateral expression.
Darrouzet et al. (19) reported that several conserved sorting motifs, located between amino acids E578 and K618, are not required for NIS transport to the plasma membrane in nonpolarized epithelial embryonic kidney 293T cells. To investigate whether these putative sorting motifs participate in the basolateral targeting of NIS, we generated MDCK cells stably expressing NIS mutants V580A, L587A, V588A, L594A, or L612A, which disrupt sorting motifs (19) . All of these NIS mutants, however, were mostly expressed at the basolateral plasma membrane (Fig. 3B) .
A conserved carboxy-terminus-located monoleucine-based sorting motif determines NIS basolateral expression
Although ectopic NIS expression in polarized MDCK cells is targeted to the basolateral plasma membrane, the rat NIS mutant missing the last 43 amino acids of the carboxy-terminus (T575* NIS) is dominantly expressed in the apical plasma membrane of polarized MDCK cells (56) . This finding suggests that the region between amino acids T575 and L618 of the rat NIS carboxy-terminus (rat NIS has 618 amino acids) contains essential determinants for basolateral sorting. Therefore, considering that the segment between amino acids V580 (the residue equivalent to T575 in human NIS) and K618 would be critical for human NIS basolateral sorting, our subsequent studies focused on elucidating the role of these amino acids. In silico analysis revealed that canonical basolateral sorting motifs are not present between amino acids V580 and K618 of the human NIS carboxy-terminus. However, visual inspection of the sequence revealed a highly conserved putative basolateral sorting motif consisting of an acidic cluster followed by a single leucine (EExxxL) between amino acids 578 and 583 of human NIS (Fig. 4A) . Remarkably, basolateral sorting motifs containing a monoleucine determinant assisted by an amino-terminal cluster of acidic amino acids (EDDxxxxxL or EExxxL) have been reported as critical for basolateral sorting of other proteins, such as stem cell factor (also named mast cell growth factor), colony-stimulating factor-1, basigin (also named CD147), and the epidermal growth factor receptor ligands amphiregulin and betacellulin (57) (58) (59) (60) . Hence, we generated MDCK cells stably expressing the human NIS mutant missing the segment between residues E578 and L583 (E578_L583del NIS) and assessed its expression in polarized cells. Significantly, deletion of the segment E578-L583 causes NIS to be expressed predominantly at the apical plasma membrane (basolateral expression: 40 6 5%; apical expression: 67 6 5%) (Fig. 4B) . Using site-directed mutagenesis, I582 and L583 were replaced with alanine residues (I582A/L583A NIS). Significantly, I582A/L583A NIS-expressing nonpolarized MDCK cells exhibited lower perchlorate-sensitive I 2 transport than those expressing WT NIS (Fig. 4C) . Consistently, flow cytometry analysis, under nonpermeabilized and permeabilized conditions, revealed that the levels of I582A/L583A NIS at the plasma membrane were significantly lower than those of WT NIS (Fig. 4D) . Together, these findings indicate that the functional defect resulting from these NIS mutations severely decreases the expression of the protein at the plasma membrane and consequently reduces I 2 accumulation. On Western blots, the fully glycosylated NIS polypeptide (90 to 100 kDa) was detected in I582A/L583A NISexpressing cells, indicating that this mutant protein was fully processed (Fig. 4E) . Consistent with this observation, most of the I582A/L583A polypeptide was resistant to Endo H (Fig. 4E) , indicating that I582A/L583A is retained beyond the medial Golgi, where newly synthesized membrane proteins are sorted to different subcellular compartments. Moreover, under polarized conditions, most of the double-mutant I582A/L583A NIS protein was targeted to the apical plasma membrane (basolateral expression: 17 6 10%; apical expression: 85 6 2%) (Fig. 4F) .
To extend our findings, we generated MDCK cells stably expressing WT rat NIS or the rat NIS L578A mutant to disrupt the monoleucine motif (EDxxxL) located between residues 573 and 578 (Fig. 4A) . As expected, WT rat NIS was targeted to the basolateral plasma membrane (basolateral expression: 98 6 2%; apical expression: 2 6 1%) (Fig. 4G, top panel) , whereas, in sharp contrast, L578A rat NIS was predominantly targeted apically (basolateral expression: 31 6 5%; apical expression: 69 6 6%) (Fig. 4G, bottom panel) . Complementarily, we validated our observations in FRT cells that, although they do not express NIS endogenously, constitute the only thyroid follicular cell line that forms polarized epithelial monolayers when cultured onto permeable supports (26) . In polarized FRT cells, WT rat NIS was mostly detected at the basolateral plasma membrane (basolateral expression: 93 6 9%; apical expression: 8 6 7%), whereas L587A rat NIS was detected on the apical and basolateral plasma membrane compartments (basolateral expression: 60 6 5%; apical expression: 35 6 3%) (Fig. 4H) . Altogether, these results indicate that the monoleucine-based sorting motif, which is highly conserved across species, is critical for NIS basolateral expression.
The epithelial-specific clathrin adaptor AP-1B is required for NIS basolateral sorting Linear peptide sorting motifs that target proteins to the basolateral plasma membrane (i.e., tyrosine-based or dileucine-based sorting motifs) are generally recognized by cytoplasmic adaptor proteins. Most commonly heterotetrameric clathrin AP complexes, particularly the AP-1A and AP-1B hemicomplex g-s1, recognize basolateral [D/E]xxxL[L/I] leucine-based consensus motifs (61) . AP-1B expression is epithelial cell-specific and differs from the ubiquitous AP-1A by the medium subunit m1B (24) . AP-1B is localized in recycling endosomes and plays a major role in biosynthetic and recycling sorting of plasma membrane proteins to the basolateral plasma membrane domain (24) . Therefore, to analyze the role of AP-1B in NIS transport to the basolateral plasma membrane, we assayed NIS expression in polarized m1B-knocked down MDCK cells, which exhibit defective sorting of several basolateral markers to the apical domain (24) , permanently expressing human NIS. Human NIS was detected predominantly at the apical plasma membrane compartment in polarized m1B knocked-down MDCK cells (basolateral expression: 32 6 7%; apical expression: 65 6 7%) (Fig. 5A) , in sharp contrast to the basolateral expression observed in MDCK cells (Fig. 3A) . These results demonstrated that AP-1B is required for NIS sorting exclusively to the basolateral plasma membrane.
We performed computer simulations to gain structural insights into the interaction between the monoleucine motif-containing human NIS nonapeptide P576 to D584 and the leucine-based recognition pocket of AP-1 https://academic.oup.com/endo 163 s1-subunit (Fig. 5B) . We built the corresponding complex using as template the crystal structure of AP-1 s1-subunit bound to an HIV-1 viral protein u nonapeptide containing a leucine-based sorting motif (ExxxLV) (47) . Molecular dynamics simulations show that the AP-1 s1-subunit forms stable complexes with the NIS nanopeptide. As expected (47, 62) , NIS peptide residues I582 and L583 were embedded into a hydrophobic groove formed by AP-1 s1-subunit residues Y62, L65, F67, V88, and V98 (Fig. 5C) . To determine the difference in affinity between WT and L583A NIS nanopeptides, we calculated the difference between the binding free energies of the peptides and the AP1 s1-subunit (ΔΔG B ). The results show that the L583A mutant reduces the binding free energy by 2.9 6 0.6 Kcal/mol (Fig. 5D ), corresponding to an ;20-fold reduction in the binding affinity, thus underscoring the role of L583 in the sorting motif.
Our results suggest that the carboxy-terminus-located monoleucine-based sorting motif is recognized by the AP-1B adaptor complex and required for basolateral sorting of NIS in MDCK cells, a well-established model for studying the polarity of thyroid proteins.
Discussion
The ability of radioiodide therapy to ablate thyroid cancer ultimately depends on functional NIS expression at the plasma membrane of thyroid tumor cells. Although thyroid tumors often exhibit less I 2 transport than normal thyroid tissue, most differentiated thyroid tumors maintain different levels of NIS compared with the surrounding normal tissue (10) (11) (12) (13) (14) (15) (16) . Surprisingly, NIS expression in tumor cells is mainly intracellular, indicating abnormalities in the transport of the protein to the plasma membrane. Therefore, from a therapeutic perspective, deepening our understanding of the mechanisms that regulate NIS transport to the plasma membrane must be a priority in the effort to improve NIS-mediated radioiodide therapy for thyroid cancer. Indeed, the development of strategies for enhancing this process, rather than stimulating NIS gene transcription, would be highly desirable, as defective transport of NIS to the plasma membrane plays a major role in making thyroid cancer refractory to radioiodide treatment. Importantly, therapeutic interventions allowing more NIS molecules to reach the plasma membrane of tumor cells would dramatically improve the efficacy of radioiodide therapy, thus making it possible to use lower doses of radioiodide, minimizing side effects (63) , or to use radioiodide as an adjuvant to kinase inhibitors targeting oncogene-activated signaling pathways to recover NIS gene transcription (64) .
In this study, we provide evidence on the significance of the carboxy-terminus of NIS for the expression of the protein at the plasma membrane in epithelial cells. We showed that the NIS mutant missing the entire carboxyterminus does not mediate I 2 transport in nonpolarized MDCK due to its retention in the endoplasmic reticulum, not by lower mutant NIS protein expression. In nonpolarized MDCK cells, the carboxy-terminus segment between residues I546 and K618 contains unknown structural determinants required for NIS exit from the endoplasmic reticulum and subsequent transport to the plasma membrane. Moreover, the distal carboxy-terminus segment between amino acids K618 and Q639 is dispensable for NIS transport to the plasma membrane. Recently, Darrouzet et al. (19) reported the presence of a putative PDZ-binding motif [S/T]xF COOH located at the carboxy-terminal edge of the protein. However, it seems unlikely that the PDZ-binding motif is involved in NIS expression at the plasma membrane, as the addition of a carboxy-terminal epitope tag, which masks the carboxylate group required for the recognition of the PDZ motif, does not have any major effect on NIS cell surface expression (65, 66) .
In thyroid follicular cells, it is physiologically essential for I 2 accumulation from the bloodstream into the epithelial cells that NIS be expressed at the basolateral plasma membrane. Therefore, the amino acid sequence of NIS must contain basolateral sorting determinants recognized by the sorting machinery of the thyroid follicular cell. In this study, we report the identification of a highly conserved monoleucine-based sorting motif located in the carboxy-terminus necessary for NIS basolateral sorting in polarized MDCK cells. Moreover, we uncovered the role of the adaptor protein AP-1B for NIS sorting to the basolateral plasma membrane, as we evidenced an aberrant apical delivery of NIS in polarized m1B knocked-down MDCK cells. Unfortunately, because of technical limitations, we were unable to provide biochemical data demonstrating a physical interaction between NIS and the AP-1B adaptor, as yeast threehybrid technique would have been required (24) . However, we carried out computer simulations that suggest potential direct recognition of the monoleucinebased basolateral sorting motif by the AP-1 s1 subunit. Taken together, our results are consistent with the idea that the adaptor protein AP-1B participates in the recognition of the monoleucine motif and NIS sorting from recycling endosomes to the basolateral plasma membrane. Although NIS was initially thought to be a thyroidspecific protein, functional NIS protein expression was reported in several other tissues (i.e., salivary glands, stomach, small intestine, lactating breast, kidney, placenta, and ovary) (67) . Considering different tissuespecific I 2 -handling requirements, NIS expression in different tissues also displays different basolateral-toapical expression patterns. Therefore, uncharacterized factors other than the NIS sequence may regulate NIS sorting to the plasma membrane, such as posttranslational modifications or differential tissue expression of specific adaptor proteins that decode common sorting signals.
Significantly, the absence of epithelial-specific AP-1B adaptor in renal proximal tubule epithelial cells determines that many cognate basolateral plasma membrane proteins are sorted to the apical membrane, thus optimizing the reabsorption of nutrients (68) . We demonstrated that disruption of the carboxy-terminal monoleucine-based sorting motif causes NIS to be missorted to the apical plasma membrane in AP-1B-expressing polarized epithelial cells, indicating that this motif constitutes a sorting signal required for exclusively basolateral NIS expression. Moreover, NIS contains recessive apical sorting information that is overridden by a dominant monoleucine-based basolateral sorting motif in AP-1B-expressing polarized epithelial cells. Currently, a great deal remains unknown about sorting motifs and adaptor proteins involved in polarized transport of NIS to the apical brush border of small intestine enterocytes (69) . The rat NIS mutant L578A, apically expressed in polarized monolayers of AP-1B-expressing epithelial cells, could constitute a starting point to reveal NIS apical sorting signals. Whereas cell polarity is crucial for thyroid hormone biosynthesis, thyroid cancer cells undergo loss of polarization during their epithelial-mesenchymal transition (70) . In nonpolarized cells (i.e., fibroblasts) the sorting of plasma membrane proteins from the trans-Golgi network to the plasma membrane also requires sorting motifs and adaptor proteins (71) . Indeed, the NIS mutant I582A/L583A, which disrupts the monoleucine-based sorting motif, is mainly intracellularly retained after being sorted out of the medial Golgi in nonpolarized MDCK cells. Therefore, sorting motifs involved in basolateral protein delivery in polarized cells might also affect plasma membrane expression in nonpolarized cells. Therefore, the identification of the mechanism involved in NIS basolateral expression may be linked to the intracellular retention of the protein in thyroid cancer. Future work will determine whether AP-1B-dependent NIS monoleucine-based sorting motif recognition is deregulated in thyroid cancer and whether this has an impact on the plasma membrane expression of the protein.
As the carboxy-terminus is critical for NIS transport to the plasma membrane, we consider it clinically relevant to further investigate proteins that interact with the NIS carboxy-terminus, for which altered expression in thyroid cancer may cause NIS sorting defects. To date, the pituitary tumor-transforming gene binding factor (PBF) has been reported as the only NIS-interacting protein involved in NIS intracellular retention in thyroid tissue. Ectopic PBF overexpression resulted in reduced I 2 accumulation caused by NIS redistribution from the plasma membrane into clathrin-coated CD63-positive late endosomes (72 
